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ANEURISMS IN LASER-DRIVEN BLAST WAVES

I. Introduction

When a powerful, short-pulsed laser beam is focused onto a
solid target located in a low-pressure ambient gas, two
interstreaming plasmas are produced. The target plasma is

produced directly by the absorption of laser energy near the

critical surface and streams radially away from the focal region.

The ambient gas is also ionized near the target by energetic
photons emitted from the target plasma. At high ambient
pressures (2 1 Torr), the expanding target plasma collisionally
couples to the initially-stationary ambient plasma so that, for
times long compared to the laser pulse width, a thin nearly-

spherical blast front is produced.! The ambient plasma is

further ionized by radiation and collisions from the blast front.

Although blast fronts are normally considered to be
hydrodynamically stable,? we have observed (in dark-field
shadowgrams) regions of the blast front projecting well ahead of
the neighboring, spherical part. These projections are termed
"aneurisms."

Although more than one mechanism is responsible for aneurism
production, one class is consistently produced along the laser
axis when the laser energy and ambient pressure are sufficiently
high. Two-dimensional hydrodynamic computer simulations show
that these on-axis aneurisms can be accounted for by laser
heating of an on-axis channel of photoionized ambient plasma.

This mechanism for aneurism formation is discussed in detail
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L

R

|9

_|®

-_

R

.__ e




VR~

in Sections IV and V after describing a family of experiments in
Section II and a general discussion of how the experimental
results relate to the blast fronts and aneurisms in Section III.
In Section VI, we discuss the nature of the laser-induced

cylindrical shock.

II. Experimental Conditions and Diagnostics

The blast fronts are produced by focusing one of the NRL
Pharos III Nd-glass laser beams (FWHM ~ 4 nsec) onto thin foil
targets, initially located in a low-pressure (1-10 Torr) ambient
gas. The ambient gas is usually nitrogen. The targets are
typically 4 to 25 micron thick foils of aluminum or CH plastic.
Laser pulses varying from a few to nearly 300 Joules are focused
to a diameter in the range of one-fifth to one millimeter,
producing irradiances in the range 10!? to 10!% W/cm?, Under
these conditions, the target material ablates and yields
reproducible, narrow (0.1 < AV/V < 1.0) ion velocity
distributions? with mean velocity of a few times 107 cm/sec. For
most of the experiments reported here V = 5x107 cm/s with av/vV =
0.25.

A wide variety of laser beam and target-interaction
diagnostics were used, including a short-pulse probing laser
beam, visible and near-UV spectroscopy, x-ray pinhole cameras and
ion time-of-flight detectors. The experimental arrangement for
laser probing is illustrated in Fig. 1. A short-pulse (100-300

psec), second-harmonic (5270 A ) probing laser beam, time




synchronized with the main laser beam, is passed parallel to the
target surface. Dark-field shadowgraphy and shearing
interferometry were used to study the blast-front structure. A
detailed discussion of these and other probing diagnostics is
given in Ref. 4. Two l=-ses, separated by the sum of their focal
lengths, are used in the collection optics. The target is at the
front focus of the first lens and the film at the back focus of
the second lens. For dark-field shadowgraphy, a razor edge is
placed at the back focus of the first lens. Since most of the
undeflected probe light remains collimated as it passes through
the target region, it is focused onto the razor edge and blocked.
This leaves a dark background, or field, on the film. However,
the light that passes through steep-gradient regions, including
the blast-front, is angularly scattered. This light is
collimated by the first lens, misses the razor edge, and is then
refocused onto the film by the second lens to produce a bright
image of the steep density gradient regions on the dark
background. The dark field permits multiple images to be taken
on a single shot. Typically, shadowgrams are taken at two times
on a given shot. For interferometry (not shown in Fig. 1), the
razor edge is removed and a shearing plate is inserted at 45
degrees after the second lens. Interference between the front
and rear surface reflections from the shearing plate produces an

interferogram.




II1I. Experimental Results and Discussion of Aneurism-

Producing Mechanisms

The blast-fronts and aneurisms were observed, under a wide
variety of conditions, using dark-field shadowgraphy and shearing
interferometry. A large, growing aneurism is seen in the dual-
time, dark-field shadowgram shown in Fig. 2a. Here, a 109 Joule
laser pulse was incident from the right onto a thin foil aluminum
target in a 5 Torr ambient of nitrogen. The target was supported
at the tip of a drawn-down glass stalk. The blast-front and a
large, on-axis aneurism are seen evolving between the times (71
and 146 nsec) in the shadowgram. The blast front is slowing down
as it picks up ambient mass, but the aneurism is still growing.

By observing the blast-front aneurisms in a large number of
such single and dual-time, dark-field shadowgrams, we were able
to see several trends. The aneurisms were generally observed at
higher ambient pressures (. 1 Torr), and at later times (* 50
nsec). They were usually located near the laser axis but
sometimes occurred well off-axis. It became clear that more than
one mechanism was likely involved. Some possible mechanisms are
discussed and shadowgraphy results presented to support two such
mechanisms.

We have studied several target, laser, and ambient conditions
which could affect aneurism production. We were particularly

interested in conditions which would give a localization or
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preferred direction for part of the blast front. The axis of the
main laser beam and the target normal are two such preferred
directions.

We considered hot spots in the laser beams and preferred
heating along the laser axis. We found that laser beam hot spots
(e.g., 8I/1~2) do not play a major role in on-axis aneurism
production since a variety of aneurisms were still produced when
a very smooth laser beam (4I/I < 0.1) was used. The high degree
of transverse spatial smoothing of the focused beam was produced
by the induced-spatial-incoherence (ISI) technique.> We were led
to laser heating of a channel along the laser axis® as a dominant
mechanism for the large on-axis aneurisms. To examine this
mechanism it is instructive to look at times shortly after the
main laser beam strikes the target. For instance, evidence of
this mechanism is seen in the dark-field shadowgram taken at 16
ns, shown in Fig. 2b. For this shot, a thin-foil (8.5 micron),
CH plastic target was stretched across an opening in the target
holder with the target in a 5 Torr ambient of nitrogen. There
was 245 Joules of ISI-smoothed laser energy incident. The time
was early enough that a resolvable blast-wave had not yet
developed. The ablatively-accelerated dense target plasma is
seen in the gap on the left and a strong probe light scattering
region is seen just right of the target. The most interesting
features for understanding aneurism production are the two narrow

horizontal lines, seen at the far right, on either side of the
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laser axis. This is a cylindrical shock expanding about the
laser beam axis, whose role in the laser-heated channel mechanism
will be examined in detail in the next sections.

Further evidence for the laser-heated channel mechanism is
given in the shadowgram shown in Fig. 3a. This dark-field
shadowgram was taken at 59 nsec in a 5 Torr ambient of nitrogen
with 95 Joules of ISI-smoothed laser energy incident. The 25-
micron thick aluminum target was tilted 30 degrees from the
vertical to give a clear separation between the laser axis and
the target ncrmal. 1Ignore the magnetic probe structure, coming
in from the lower right, and the circular mask centered at the
target location, used in another diagnostic. Note that there is
a well-developed, on-laser-axis aneurism, expected from a laser-
heated channel mechanism. The turbulent and rippled structure
seen inside the blast front in these shadowgrams is not well
understood at the present time.

Target size, mass, and orientation affect the direction,
angular distribution and temporal history of the expanding target
plasma. Thus, variations in the targets can be used to check for
target-plasma contributions to aneurism mechanisms. We found
that aneurisms were still produced when very thin (ablated
through during the main laser probe), or limited-mass (thin disc
targets of about a focal diameter) targets were used. This
demonstrates that on-axis aneurism production does not

necessarily depend on extraneous target mass not ablated during
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the laser pulse. It has been suggested’ that a localized jet of
slow target material could provide a mechanism for aneurism
production. As the blast front slows down, by ambient gas mass ’
accretion, the localized jet could catch up to produce an
aneurism. This mechanism may be operative for aneurisms oriented
normal to the target surface. Although, as was shown in Fig. 3a,
large on-axis aneurisms were consistently produced for laser
energies greater than about 10 Joules, the situation is different
at lower energies. The shadowgram of Fig. 3b was taken at 64
nsec in a 5 Torr ambient of nitrogen with only 3.4 Joules of ISI-
smoothed laser energy on target. There is a pronounced aneurism
growing along the target normal. This is what one would expect
for the target jet mechanism since the target normal is the
preferred direction of target plasma expansion. Evidently, the
laser intensity has a lower threshold for seeding an on-axis
aneurism.

Another possible aneurism mechanism is within the blast front

itself. The deceleration of the blast front is high and can be *
several times 10! cm/sec?. Thus, hydrodynamic instability of
the blast front is a consideration. Although blast waves are .
normally considered to be hydrodynamically stable,? adverse ]
density gradients (acceleration antiparallel to the density
gradient) could develop in the blast front due to local o
conditions in the front (e.g., conductive or radiative cooling). ]
If the blast front were Rayleigh-Taylor unstable, the growth

.




times could be as short as ten nanoseconds.! 1Indeed, some of the
blast fronts at later times and lower laser energies show a
complicated break-up which may be hydrodynamic in origin. An
example of such a break-up is seen in the dual-time (52, 96
nsec), dark-field shadowgram shown in Fig. 4. Here, the laser
energy was 4.1 Joules and the ambient was 5 Torr of 90% N,, 10%
H, - with H, added for spectroscopic diagnostics.

Another blast-front dependent mechanism has been proposed?
which depends on a localized thermal evaporation of the interior
of the blast front and consequent preferred ablative acceleration
of that region. Here, a thermal conduction front is proposed
between the inner surface of the blast front and hot plasma
interior. Self-generated magnetic fields,® which are azimuthal
about a central axis and maximize off axis, provide a degree of
thermal insulation on the side of the blast front but not on-axis
where the fields are null. Thus, the interior of the blast front
ablates more and pushes out an aneurism. We observe, in studies
without ISI, large aneurisms which grow in a direction different
from both the laser axis and target axis. The Fhermal
evaporation model could account for this, assuming that laser

non~uniformities led to magnetic-field generation centered off of

the laser axis.
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IV. Estimate of Direct Laser Heating

We turn now to a quantitative analysis of the on-axis
aneurisms. The incident laser energy propagates through the
underdense ambient medium and deposits the bulk of its energy at
the critical surface, which is the target surface at the onset of
the laser pulse. Experimental evidence indicates that a burst of
UV and X rays are emitted from the target plasma during the laser
pulse. This radiation photoionizes the ambient gas (bound-frez
absorption) and provides the seeds for inverse bremsstrahlung
(free-free) absorption of the incident laser beam by the ambient
gas. We do not attempt to model this initial target heating and
photoionization process here, but instead simply assume that the
ambient gas is initially ionized with an ionization fraction that
falls as 1/r? where r is the distance from the target. The
degree of ionization is found experimentally to be in the range
of one to a few percent at a distance of 1 cm from the target.

The formula for the inverse bremsstrahlung absorption
coefficient in plasma has been given by Johnston and Dawson.!¢
For the present case (electron density mnch less than critical),
this coefficient is:

K, 2 ¢ 02 A% 1na

K = (1)

AZ T3/2

where X\ is the laser wavelength, 1n A is the Coulomb logarithm
(varies from 1 - 5 for these cases), T is the number of free
electrons per ion, {'=max (L, 1), A is the atomic number of the

ions, p the mass density of the plasma, and T the local electron
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temperature. The constant K, is 1.5666 x 10!%® m-! for mks units
with T in eV. The important point here is that the absorption
depends strongly on ionization state and temperature. The U’
factor accounts for the presence of neutral ambient atoms at low
degrees of ionization.

The time derivative of temperature at a point in the channel

is given by:

= (2)

where K is given by Eq. (1), I is the local laser intensity, and
C, is the specific heat at constant volume. The intensity will
depend on the time variation of the laser as well as the distance
from the target. For a perfect gas, C, = 1.44 x 10% (1 + Z)/A
J/evV-kg.

We may integrate Eg. (2) directly to obtain an estimate of
the final temperature of the laser-heated channel. We assume
fully ionized nitrogen as the ambient gas, p for 5 Torr N,, X =
1 micron, 1n A = 3, and find

T, » (6 E/r?)%* (3)
where E is the laser energy in Joules, r is the local channel
radius in centimeters, T, the final temperat're in eV, and we
have assumed that the initial channel temperature is small.

Taking E, = 100 J, and r = 0.05 cm, we find T, = 142 eV, so a hot

channel is expected and should extend a considerable distance




along the laser channel, since the dependence on distance is
weak. The asumptions made to obtain this estimate will be
justified later in this paper.

A better estimate of the channel temperature as a function of
time (during the laser pulse) and distance from the target is
obtained by numerical integration of Eq. (2) with time dependent
quantities included. For this estimate, a Gaussian pulse shape
is used for the laser power, peaking at 4 ns, ending at 8 ns.

The position in the channel determines the level of preionization
and the channel radius. The Coulomb logarithm is computed, and (
is given by a fit to Saha equilibrium at 5 Torr pressure of
atomic nitrogen shown in Fig. 5. At this pressure, nitrogen
begins to ionize at about 1 eV, is 5 times ionized at 10 - 30 eV,
and is fully ionized at 90 ev. The specific heat, Cv, is taken
to be the perfect gas value, with a correction term added between
0.1 and 100 eV to model the ionization energy. This term is a
linear ramp in log T starting at zero at T = 0.1 eV and climbing
to 3 x 10% at T = 100 eV.

We have integrated Eq. (2) for target distances ranging from
0.1 to 3 cm. We call the result of these integrations the "zero
dimensional” (or 0-D) model, since each point in the channel is
heated completely independently of all other points. The results
depend on the degree of preionization of the channel. Fig. 6
shows the case of 5% ionized at 1 cm from the target.

Temperatures are shown as a function of distance along the

.
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F channel for times of 0 (room temperature) to 8 ns (end of laser
L pulse). The result from Eq. (3) is labeled "simple model." As
expected, Eq. (3) is a good estimate of channel heating for

regions that become fully ionized (0 - 0.5 cm), but beyond 0.5 cm
the temperature in the channel drops, with little heating beyond
h 0.9 ecm. An ionization front moves to larger radii in this figure
with a mean velocity of about 10® cm/s, heating the gas from
ambient temperatures to about 100 eV, but it is not a progressive
. wave, since no coupling between different radii is included in
the model.

The result is a channel heated to about 100 eV extending from

(2l

the target to about 1.0 cm along the channel. This heated region
expands hydrodynamically as a cylindrical shock wave and forms a
low density channel at later times. The spherical blast wave
expands more rapidly in this channel, resulting in aneurism
formation. When the blast wave moves beyond the heated region,
the aneurism should decay.

The length of the heated region, L depends on the laser

n?’
energy, the degree of preionization of the ambient gas, and on
the pressure of the ambient gas. The 0-D model results are fit
to an accuracy of 2% by the scaling law:

L, (cm) = 0.19 E°-16 po.16 r 0.33 (4)

n

where P is the ambient pressure of N, and {, is the percent

T preioniztion at 1 cm from the target. For example, for {, = 1%,

E, = 109 J, and P = 5 Torr, we find L, = 0.52 cm. The energy
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scaling of Eq. (4) is that of a normal blast-wave (see Eq. (5),
below), but the pressure scaling is exactly the opposite of the v;
o
blast-wave case. This means that, as the ambient pressure is
increased, the size of the aneurism produced increases while the
position of the blast wave decreases, causing the pressure ;
-

dependence to be the most obvious in the experiments.

This model makes no allowance for a variety of possible
cooling mechanisms, and thus represents an upper limit estimate
of the channel heating. We will show in the next Section,
however, that the 0O-dimensional results agree quite well with
detailed 2-dimensional models where all of the important physics

has been included.

V. Two Dimencional Simulations of On-Axis Aneurisms

A. Two-Dimensional Code

We have performed 2 1/2-dimensional computer simulations of
the NRL laser-target-ambient system with MACH2, an MHD code
described in detail elsewhere.!! The code is axisymmetric with
the axis of symmetry appearing as a vertical line to the left in
computer-generated pictures. Rotational symmetry about this axis
is assumed. The simulations discussed herein take place on
numerically generated Eulerian meshes, one of which is
illustrated in Fig. 7. The difference equations are of the
finite volume type which is well suited to non-rectangular meshes
required for problems with complex shapes. Tabular equations of

state are used for each distinct material modeled in a
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simulation. Our numerical models include the effects of thermal
conduction with a thermal conductivity proportional to T%/2%,
Although, these models do not include the effects of thermally
generated magentic fields,® we have found that such fields do not
affect the behavior of the blast front and aneurism discussed

here .12

B. Results of Two-Dimensional Simulations

The analysis in Sec. IV suggests that laser energy,
sufficient to raise the temperature in a long narrow channel on
the order of 100 eV, is absorbed by the ambient plasma if we
assume that a few percent of the atoms in that medium are singly
ionized at a distance 1 cm from the target. Recall that our
model for preionization descreases with the square of the
distance from that focal spot. MACH2 simulations were performed
with a variety of values for the preionization. When the ambient
medium is not preionized, there is no laser-induced channel and
the blast wave is spherically symmetric ~- there is no aneurism.
Non-zero values that were used include 0.25%, 1%, 3%, 5%, 10%,
and 30%. MACH2 results for the case of 5% initial ionization 1
cm from the target compare most favorably with experimental data,
and this is the value used in the simulations discussed below.
By varying the degree of preionization in MACH2 simulations, we
have found that a heated channel that extends well beyond the
blast front at early times is the progenitor of the aneurism that

is seen at late times.
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Results from MACH2 calculations of a focused laser pulse
interacting with a solid aluminum target in a 5 Torr partially
ionized gas (80% nitrogen, 20% oxygen), both initially at room
temperature, are illustrated in Fig. 8. This is a simulation of
the NRL experiment from which the dual-time shadowgram, Fig. 2A,
was taken. The laser spot radius is 100 microns on the aluminum
target. 1In Fig. 8, we plot the temperature through a slice down
the laser channel on a log scale as a function of distance from
the laser focal spot at 1 ns intervals between the times of 1 and
8 ns from the beginning of the laser pulse. Theo pulse shape is
the same as described earlier -- peaking at 4 ns and ending at 8
ns —-- depositing 109 J into the target and the ambient medium.
The temperature reaches a maximum of approximately 1 KeV at the
laser focal spot where the density is greater than the critical
density for 1 micron light and the peak laser intensity is 7 x
10!3 watt/cm?. 1In the heated channel, the ambient medium is
heated rapidly (1 ns) to temperatures exceeding 1 eV near the
target. At the end of the laser pulse at 8 ns, the channel has
been heated to about 100 eV to a distance of 9 mm, and to about 1
eV at larger distances. Fig. 8 may be compared directly to the
results of the 0-D model shown in Fig. 6. Aside from the hot
target, the two models agree almost exactly, showing that direct
inverse Bresstrahlung deposition is responsible for the heating.

Energy absorbed by the narrow laser channel induces a weak
cylindrical shock as the heated material flows radially outward.

The material in the laser-heated channel expands from the

15
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laser-axis into the cold ambient medium outside the laser beam.
Consider a particular location some distance from the target
surface. If the density at that axial location in the channel
falls below the ambient value before debris from the laser-
ablated target reaches that location, the debris will advance
more rapidly in the axial direction within the semi-evacuated
laser channel. The resulting decline of the density within the
channel and outside the blast front is illustrated in Fig. 9,
where the log of the density is plotted against the distance from
the laser focal spot down the same slice of the channel as was
chosen for Fig. 8. In order to resolve the narrow blast front,
Fig. 9 is drawn on a finer scale that Fig. 8. The blast front is
a well-defined shell in which the density changes by a factor of
9 over a 0.25 mm distance at 8 ns. The density in the c.annel
ahead of the blast front is between 1/3 and 1/6 the ambient value
of 8.2 x 10-% gm/cc. The center of the shell is located 2.5 mm
from the laser focal spot at 8 ns. The heated channel, however,
extends well beyond the shell out to 9 mm from the focal spot by
the end of the laser pulse. This distance is, as shall see,
sufficient to allow an aneurism to form. The portion of the
shell that travels within the low-density channel moves ahead of
the portion that travels through the relatively more dense non-
heated ambient gas. Without increasing the total laser energy, a
hotter channel, and hence a stronger cylindrical shock, is
obtained with a larger initial fractional ionization of the

ambient medium.
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Early time development of the laser-induced channel and its
interaction with the blast from the target is shown in Fig. 10.
The dimensions of this mesh are 5 mm x 2.5 mm, with 64
computational cells in the axial directi n and 20 cells in the
radial direction, 4 across the laser beam. Contours of constant
electron number density and plasma velocity vectors are
illustrated in the region close to the target on this grid at 4,
7, and 10 ns after the beginning of the laser pulse. One can
clearly see the formation of the laser-heated channel outside the
expanding blast front, and a jet of plasma from the blast front
expanding faster within the channel than without. The
aluminum/air interface is noted by a dashed line on the number
density contour plots. The temperature near this interface is
120 eV at 4ns, 330 ev at 7 ns, and 170 eV at 10 ns. The
calculated temperature within the cylindrical shock is 7 ev at
4ns, 6 eV at 7 ns, and 2 eV at 10 ns. The peak velocities at
these times are between 5 x 107 cm/sec and 6 x 10’ cm/sec. By 10
ns, a jet of aluminum target materials is evident, propagating
within the channel ahead of that in the surrounding blast front.

Fig. 11 illustrates the state of a simvlation performed on a
large grid (1.5 x 0.75 cm) with 64 axial and 20 radial cells at
10, 30, and 71 ns. We again show contour plots of the electron
number density and plasma velocity vectors. At 10 ns, the hot
plasma within the channel (where the temperature is above 50 eV)
extends 1.0 cm from the target. The expanding bubble is
substantially behind at this time -- a distance of 0.3 cm from

the target surface. The protrusion on the axis at 10 ns is not
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the aneurism, but is the heated channel. The aluminum/air
interface within the channel is much closer to the target than
- the tip of the electron density protusion. The temperature of
the shell is on the order of 10 eV at 10 ns and cools to 1 eV by
71 ns. The maximum velocity at 30 ns is 1.2 x 107 cm/sec, and is
-l 8.5 x 10% cm/sec at 71 ns. The complex flow pattern evident at -
later times is created by interaction of the spherical blast wave
emanating from the target with the cylindrical shock. The
_l aneurism itself is clearly defined by 71 ns. The electron number i
L density contours are closely spaced at the location of the shell.
It is this shell, the locus of points at which there are large
gradients in electron number density, that is to be compared to h
experimentally produced shadowgrams. The aneurism, while evident
at 71 ns in Fig. 11, is not quite as large as that seen in the
experiment at 71 ns (Fig. 2a). !
We have included effects of radiation cooling, assuming the
optically thin limit in the low density plasma, in a similar set
of simulations. The general character of the blast front, laser- ;
induced channel, and the resulting aneurism are_ unchanged.

Furthermore, the models discussed above assume the preionization

happens instantaneously at the time the laser pulse begins. 1In ?
reality, the ionization of the ambient medium may not occur ‘
instantaneously, so we have performed a simulation in which the

degree of preionizavion is zero initially and ramps linearly with i

time to a maximum value of 5% at the time of peak laser power.

The extent of the laser-induced channel and the size of the

aw

aneurism are essentially the same as the case discussed above.
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C. Comparison With Experiment

The target plasma/nitrogen plasma interface (outside the
laser channel) is in the blast-wave that propagates spherically
from a point source according to the similarity relation; R «
(E/P)1/5 t%/5, For our present experiment, the motion of the

blast-wave is described by!

R =0.12 (%)1/5 £2/5 (5)

where R is in centimeters, energy (E) is in Joules, ambient
pressure (P) is in Torr, and time (t) is in ns. For shot #85-544
(Fig. 2a), which had a 109 Joule laser pulse and 5 Torr ambient
nitrogen pressure, the radius of the blast front at 71 ns is 1.25
cm. To facilitate a comparison between the MACH2 simulations
discussed in Sec. V B and the experiment, we display a digitized
plot of the shadowgram from the shot #85-544 in Fig. 12a. 1In
Fig. 12b, we display the contour plot of the electron number
density from the simulation with 5% preionization, drawn to the
same scale as the shadowgram. The MACH2-simulated location of
the debris/air interface outside the laser cone agrees with that
of the expériment. Further the location of the debris/air
interface in Figs. 12a and 11b is 1.2 cm from the target surface,
in agreement with that predicted from the blast-wave model, Eq.
(5). The location and size of the central aneurism simulated by

MACHZ2 is remarkably like that produced by the experiment.
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We speculate that numerical diffusion in our Eulerian
calculations together with the lack of resolution in the laser
channel (recall that there are but 4 cells radially across the
channel) causes the MACH2 simulated aneurism to be flattended at
its tip rather than to protrude as far from the target as the

experimentally generated aneurism.

VI. Cylindrical Shocks

We now examine more closely the laser-heated channels which,
as our simulations show, lead to the on-axis aneurisms. The
localized energy deposition near the axis of the laser beam
produces the cylindrical shock or blast-wave that is observed in
the early-time shadowgrams. Fig. 13 shows a digitization of the
shadowgram of shot #86-625 (solid line), taken 14 nsec after the
peak of the laser pulse. The plastic (CH) target was in a 5 Torr
ambient of nitrogen. The laser pulse had a width (FWHM) of 3
nsec and delivered 238 Joules; the focal spot incorporated ISI
smoothing and had a 500 micron radius. The cylindrical shock can
be seen in Figure 11 between 9 and 14.mm from t@e target. This
shot was simulated with MACH2, again assuming five percent
preionization 1-cm from the focal spot, and placing 8
computational cells across the laser spot. Fig. 13 also shows
(dashed line) a superposition, drawn to the same scale, of the
simulated electron number density. The channels seen in the

simulation and shadowgram are similar.
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The laser energy deposition, being of short duration (3 nsec)
and localized near the laser axis, suggests that the cylindrical
shocks could be represented by a cylindrical blast-wave model.

At the top of Fig. 14 is plotted, from several of the early-time
shadowgrams, the cylindrical radius versus the axial position
from the target. From this, a plot is made at the bottom, for
the fixed axial position of 1.4 cm, of cylindrical radius versus
the square root of time. This is the theoretical time dependence
of an ideal cylindrical blast-wave. The coefficient which fits
the data implies an energy deposition per unit length of about
1.8 J/cm at R=1.4 cm. More energy per unit length is deposited
nearer the target and less further away. The simulation, on the
other hand, shows somewhat less energy (1.0 J) in the channel.
The small discrepancy could be due to violation of the blast-wave
model assumption, the simulation or both. For example, the
blast-wave model assumes an instantaneous energy deposition. Due
to the finite duration of the laser pulse, the expansion during
the laser pulse may be closer to a detonation wave. On the other
hand, the simulation results are dependent upon the assumptions
of the ionization model and the treatment of thermal transport.
For example, our model does not currently include the effects of

thermally-generated magnetic fields or radiation transport.
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VII. Conclusion

We have presented data supporting a laser-heated channel
mechanism for on-axis aneurism production. These aneurisms can
be explained by the laser heating of a low-density channel along
the laser axis. The 2-D simulation based on the channel

mechanism give good agreement with the observed aneurisms.
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Electron number density contours (above) and velocity

vectors at 4, 7, and 10 ns on a small computational mesh.
The contour levels (electrons/cm®) are equally spaced on a

logarithm: . scale. The dashed line is the location of the

aluminum/air interface. The laser-heated low-density channel

extends well beyond the spherical blast wave at 10 ns, and

this allows the aneurism to form.

36

,
.

e

g

l®




10 ns 30 ns 71 ns
14- ne
% 12 -
1018 N
10 - l A\
1011
TR | |
¢ 1018
‘ 6 - \ 1017
\-]@NH \(lol' (
L 10 S
4- f\'v\\\_ W)
\-\*\ 1018 o 1019 \\ \
P 2 - lo‘\'\\N, s f‘ 1020\)\)/)]
Y <t0t . N VL
— o- '(31',2}) . \m 757
a ,
Gl :
? ~ velocity
f boh
11, 77
e
17750
- %é/é??ﬁ
- AV AT
/" AR
/‘. R Ve /" /‘)‘ .
' e ; ' -
1 ] I 0 J T
2 4 6 6 0 2 4 6
r(nluﬂ
Fig. 11. Electron number density contours (above)and velocity vectors
"
!

at 10, 30, and 71 ns on a large computational mesh. The
contour levels (electrons/cm?®) are equally spaced on a
logarithmic scale. The dashed line is the location of the
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